AF is immediately metabolized in vivo. In mammals, AF is converted to 1,5-anhydro-D-glucitol (AG). 7) The blood concentration of AG in healthy people is maintained at a constant level. However, it has been reported that elevation of blood glucose levels, due to conditions such as diabetes, results in suppression of AG reabsorption by the kidneys, leading to reduction in its blood concentration. 8) In addition, we have found that Saccharomyces cerevisiae NBRC 0210 simultaneously converts AF into not only AG, but also 1,5-anhydro-D-mannitol (AM), and have succeeded in isolating two types of NADPH-dependent 1,5-anhydro-Dfructose reductases (AFR), AG-forming and AM-forming, involved in this conversion. 9) However, in red algae and other fungi, AF has been reported to be converted to ascopyrone M, which is then metabolized to microthecin. 10 13) Microthecin is reported to show antibacterial activity and completely inhibits bacterial growth at a concentration of 0.05 0.2% in media. 14) Because AF is a precursor of microthecin, we considered that AF may be converted into a substance that inhibited bacterial growth after being metabolized.
In general, saccharides are converted to energy, which is used in the growth of microorganisms. However, it has been reported that 2-deoxy-D-glucose, a deoxy-sugar, inhibits bacterial growth at a concentration of 0.2%. 15) AF forms a structure similar to glucose when in aqueous solution, but the 1 carbon atom is in a deoxy structure. Therefore, it is of interest to consider the response of microorganisms to AF.
In the present study, we cultured bacteria in media containing AF and measured their growth and changes in the AF content and AF metabolites in the media to investigate differences in responses of various bacteria to AF. urthermore, we aimed to develop an application for AF as a safe food material. 17 24) . Growth was monitored by measuring turbidity at 660 nm. For purification of AFR, E. coli was precultured in 30 mL of LB broth overnight at 37 C. The culture obtained was used to inoculate 3 L of LB broth containing 0.5% AF, and the mixture was then incubated for 20 h at 37 C. Analytical methods. Sugars in media were analyzed by high performance liquid chromatography (HPLC; JASCO Corporation, Tokyo, Japan), using MCI GEL CK08S column (8 500 mm, Mitsubishi Chemical Corporation, Tokyo, Japan). The HPLC apparatus was equipped with a differential refractometer. Distilled water was used for elution from the column at a flow rate of 1 mL/min at 40 C. Enzyme reaction products were analyzed by high performance anion exchange chromatography with a pulsed amperometry detector system (HPAEC-PAD, Nihon Dionex K.K., Osaka, Japan), which was equipped with a CarboPack MA1 column (4 250 mm). Products were eluted from the column with 0.5 M NaOH at a flow rate of 0.4 mL/min at 35 C. Measurement of AFR activity. In the enzyme reaction, a total of 2 mL of reaction mixture, composed of 50 mM Bis-Tris buffer (pH 7.0), 25 mM AF, 0.15 mM NADPH, and an appropriate amount of enzyme, was incubated at 30 C for 20 min. The decrease in the amount of NADPH was calculated from the absorbance change at 340 nm. One unit (U) of the enzyme activity was defined as the amount of enzyme required to oxidize 1 µmol of NADPH per minute. Purification of AFR. Purification of AFR derived from E. coli was conducted as follows. Cells (50 g wet weight) were suspended in 20 mM Bis-Tris buffer (pH 7.0, buffer A) containing 1 mM phenylmethylsulfonyl fluoride and were disrupted by sonication. The cell debris was separated and removed by centrifugation at 24,000 G for 15 min. The supernatant was then applied to a TOYOPEARL SuperQ-650 M column (22 300 mm) and the proteins were eluted using a linear concentration gradient of buffer A containing 0 0.5 M NaCl. The active fractions were pooled and applied to a TOYOPEARL AF-Red-650M column (30 100 mm) and the proteins were eluted using a linear concentration gradient of buffer A containing 0-2 M NaCl. Ammonium sulfate was added to the pooled active fractions to 30%-saturation. After centrifugation, the supernatant was collected and applied to a TSKgel Phenyl-5PW column (7.5 75 mm) equilibrated with buffer A to which ammonium sulfate had been added to 30%-saturation. The enzyme was then eluted using a linear concentration gradient of 30-0% saturation of ammonium sulfate. Protein analysis. The Mr of the denatured enzyme was estimated by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The molecular mass of the non-denatured protein was measured by gel filtration chromatography using a TSKgel Super SW3000 column (4.6 300 mm) equilibrated with buffer A containing 0.3 M NaCl. The molecular weight of AFRs were determined using Gel Filtration Calibration Kit, aldolase (158,000), conalbumin (75,000), ovalbumin (43,000), carbonic anhydrase (29,000), ribonuclease A (13,700) and aprotinin (6,500) (GE Healthcare UK Ltd., Little Chalfont, UK). Protein concentration was determined using the Quick Start Bradford Protein Assay reagent (Nihon Bio-Rad Laboratories, Tokyo, Japan), with bovine serum albumin as a standard. The enzyme was desalted and purified using reversed phase HPLC, employing an YMC-Pack PROTEIN-RP column (2.0 150 mm). The amino acid sequence of the purified enzyme was determined using the Procise 49 X-HT protein sequencer system (Applied Biosystems Inc., Forest City, USA). Formation and germination test of spores of B. subtilis NBRC 3009. Sporulation and germination test of B. subtilis spores were conducted according to the methods 25 27) with minor modifications.
MATERIALS AND METHODS

Materials
Liquid culture medium for spore formation (1 L) was composed of 3 g beef extract, 5 g polypeptone, 0.06 g MgSO4·H2O, 0.06 g CaCl2·2H2O, 0.25 g KH2PO4 and 0.008 g MnCl2·4H2O, to which agar was added to 1.5% to prepare a plate culture medium. A preculture of B. subtilis NBRC 3009, which was grown at 30 C until the turbidity at 600 nm reached 0.5, was used to inoculate 50 mL of medium containing 1% glucose or 1% AF and no sugars. These cultures were then shaken for 7 days to induce sporulation. After staining the spores and bacterial cells with malachite green and safranin, respectively, the numbers of them were counted under an optical microscope.
Bacterial cells forming intracellular spores were obtained by static culture on plate culture medium for 6 days at 30 C. Bacterial cells were washed with lysis buffer (1 mM EDTA, 0.5 mM Tris-HCl (pH 8.0) and 0.9% NaCl) and collected. The spores were collected by incubating the cells with lysozyme (Sigma-Aldrich Japan K.K,, Tokyo, Japan) at 37 C for 60 min followed by centrifugation (8, 500 G for 10 min).
The spores were activated by heating at 80 C for 10 min and then shaken for 60 min in a solution containing 30 mM asparagine, 6 mM fructose, 1% KCl and 5 mM glucose to promote germination. To investigate the effect of AF on germination, the 5 mM glucose in the solution was replaced with 5 mM AF, and spores were treated in the same manner. Thereafter, germinating spores from each condition were spread and grown on agar plates to which either 1% glucose or AF had been added. The colonies formed were counted to calculate the germination rate relative to the number of colonies when glucose was added at the time of germination and growth (set to 100%).
RESULTS AND DISCUSSION
Growth of S. aureus ATCC 10832 and E. coli ML-35 in the presence of AF.
The responses of various bacteria to AF could be roughly categorized into two types: markedly inhibited growth, such as that exhibited by S. aureus ( Fig. 1 (a) ), and negligible effect on growth, such as that exhibited by E. coli ( Fig. 1  (b) ). The tendency toward growth inhibition, shown in Fig. 1  (a) , was characteristic of many Gram-positive bacteria tested in this study. By contrast, growth of Gram-negative bacteria, E. coli, P. aeruginosa, P. vulgaris and E. cloacae were not influenced by a low concentration of AF, but at an AF concentration of 1 3%, they demonstrated a 1-2 h longer lag time in the initial phase of culturing. Thereafter, these bacteria showed a similar growth curve to that in the absence of AF.
As shown in Fig. 1 (a) , in S. aureus cultures, the AF concentration initially decreased as the bacteria grew until 6 h after the start of the culture. Twenty hours later, a very low level of AG was detected in the medium, whereas most of the AF remained in the medium. Growth of the bacteria was clearly inhibited, and no growth was observed after 6 h of culture. Even at a concentration of 0.1% AF, growth was inhibited by approximately 50%, indicating that S. aureus is particularly sensitive to AF.
As shown in Fig. 1 (b) , the concentration of AF decreased in the culture medium as E. coli grew, and became undetectable after 16 h. AG was detected 4 h after the start of the culture, and the AG concentration reached a maximum of approximately 38% of the initial AF concentration after 12 h, but decreased thereafter. When the culture was continued without changing the conditions, no AG could be detected by 40 h after the start of the culture. These results indicated that E. coli converted adsorbed AF into AG, released AG into the medium, and then again took AG up into the cells to metabolize. Similarly, the release of resulting AG is reported in the case of human cell 28) and S. cerevisiae. 9) The release to a medium of such polyol, i.e., glycerol by S. cerevisiae 29) and erythrytol by Yarrowia lypolytica 30) , are well known. In this study, E. coli was capable of converting a large quantity of exogenous AF to AG and metabolizing it.
Purification and characteristics of AFR derived from E. coli ML-35.
In a preliminary examination, we found NADPHdependent reductase activity on AF in the cell-free extracts of S. aureus and E. coli. Their activities in S. aureus and E. coli were 0.07 and 0.05 U/mg of protein, respectively and both were unstable. Since, we were not able to obtain a large amount of cells from S. arureus due to the growth inhibition of AF. Therefore, we could isolate the enzyme from only E. coli (Ec-AFR).
The AFR was purified in three steps, including a combination of anion-exchange, affinity, and hydrophobic chromatography, and 1.7 U (0.6 mg of protein) of the purified enzyme was finally obtained. The yield and degree of purification were 11% and 58-fold, respectively, and the specific activity was 2.8 U/mg of protein. SDS-PAGE and analysis of the gel chromatographs revealed that Ec-AFR is a 29 kDa monomeric protein (Fig. 2) . The 19 N-terminal amino acid residues were consistent with the sequence of NADPH-dependent 2,5-diketo-D-gluconate reductase (EC 1.1.1.274, 2,5-DKGR) (Fig. 3) . This is the first report of an enzyme derived from bacteria that converts AF into AG.
Comparison of the amino acid sequence of Ec-AFR (2,5-DKGR) with that of three AFR (AG-forming) 31, 32) derived from eukaryotes revealed low identity (as low as 22%) but showed that three aldo-keto reductase motif sequences and four catalytic residues characteristic of the aldo-keto oxidoreductase family were well-conserved (Fig.  3) . Additionally, this enzyme showed over 300% activity to compounds with keto groups or aldehyde-groups, such as 2,3-butanedione and pyridine-3-aldehyde, whereas it showed no activity to DL-forms of reducing sugars other than AF (Table 1 ). Such substrate specificity is different from that of the three eukaryotic AFR (AG-forming), and therefore, we presume that Ec-AFR belongs to a different subfamily and plays a different role in the organism. The 2,5-DKGR of E. coli 33) and Corynebacterium sp. 34) are considered to be involved in biosynthesis of ascorbic acid from glucose, by reducing 2,5-diketo-D-gluconic acid, which is a metabolic intermediate in the biosynthesis of ascorbic acid. However, Ko et al. demonstrated that the 2,5-DKGR of E. coli plays an important role in reducing and detoxifying various organic compounds containing a keto group or an aldehyde-group. 35) In aqueous solution, AF is Substrate Relative activity
The enzyme activity was measured using NADPH as coenzyme. Values are expressed as relative activity compared to AF. The amino acid sequences of AFR from E. coli (2,5-DKGR, UniProt Q46857), mouse (UniProt Q9DCT1), pig (UniProt P82125) and S. cerevisiae (D-arabinose dehydrogenase, UniProt P38115) were aligned and analyzed using Clustal W. The N-terminal amino acid sequence ANPTVIKLQDGNVMPQLGL determined in the present study was completely consistent with that of 2,5-DKGR. The amino acid sequences highlighted in gray indicate aldo-keto reductase motifs I, II and III, and the asterisks indicate homologous amino acid residues. Asp46, Tyr51, Lys76 and His107, shown by boxes, are a catalytic tetrad that forms a predicted active site.
considered to exist as an equilibrium of hydrated, 2-keto, 2-enol and 2,3-endiol forms. 16) Because this enzyme has a wide substrate specificity, 2-keto form of AF in the equilibrium is considered to be a suitable substrate for AFR.
A protein, homologous to 2,5-DKGR of E. coli is registerd as 2,5-DKGR in S. aureus, on UniProt database as I0C2H5. This enzyme may the target enzyme which reduces AF to AG.
The characteristics of the enzyme systems mentioned so far can explain the difference in effect of AF on proliferation of Gram-positive vs. Gram-negative bacteria, as follows. Both S. aureus and E. coli are probably exhausted NADPH by converting AF into AG using AFR. Generally, the microbe is well known to reduce a harmful compound having aldehyde and keto group using NADPH and some reductases. For example, Miller et al. reported that the growth inhibition by furfural, which is a dehydration product of pentose sugars, is due to the diversion of NADPH away by reductase such as YqhD and DkgA 36) . As shown in Fig. 1 (b) , E. coli seemed assimilate AG and regenerate NADPH. This is probable since the enzymes which cause the phosphorylation of AG 37) and oxidation of phosphorylated AG using NADP are reported. 38) On the other hand, S. aureus was not able to use AG as shown in Fig. 1 (a) , thus, the starvation of NADPH might occur due to possible lacking of the enzymes which regenerate NADPH by AG assimilation. The absence of the pathway of AG utilization may be common to Gram-positive bacteria.
The above hypothesis prompted us to apply AF to the inhibion of growh of some Gram-positive bacteria which may be the threats to food industry. Since homolog of 2,5-DKGR are registered in UniProt database. For example, YvgN (Uniprot O32210) and 25DKGR-A (Akr5c, Uniprot B8DF63) are found in B. subtilis and in Lysteria monocytogens, respectively.
Application of bacterial growth inhibition by AF.
L. monocytogenes can grow even at 4°C and, in addition, is tolerant to salt. 39) As shown in Fig. 4 , the presence of 2% NaCl only inhibited growth of this bacterium by approximately 20%, but its growth was markedly inhibited by NaCl exceeding 8%. Addition of AF to a concentration of 2% to the culture of this bacterium inhibited its growth by approximately 40%. Furthermore, simultaneous addition of 2% NaCl and 2% AF led to approximately 60% growth inhibition, showing an additive effect of NaCl and AF. In recent years, due to health concerns, the NaCl concentration in salt-preserved products is kept as low as 2-3%. Our results indicate that simultaneous addition of AF is likely to be able to reduce much the risk of food poisoning due to L. monocytogenes even at low concentration of NaCl.
Bacteria of the genus Bacillus form heat-resistant spores. Culturing B. subtilis in a sugar-free culture medium resulted in a spore formation on day 2. Glucose added to the medium was depleted within 1 day and the turbidity increased twice as match as the case of sugar-free culture medium. The spore formation clearly observed on day 3. When AF was added, however, the rate of spore formation was 10% even after 7 days showing the inhibition of spore formation. At this concentration of AF, the cultivation of B. subtilis gave an 8 h longer lag phase but almost the same turbidity on day 1 as that of grown without AF. AF concentration gradually decreased as the culture advanced due to the possible degradation of alkaline pH (8.0-8.5) of the medium 40) , but 49% remained on day 7 ( Table 2 ). This concentration of AF might inhibit the spore formation by mimicking glucose. AF gave almost the same effect in the case of B. cereus.
Addition of AF to a concentration of 5 mM instead of glucose at the time of germination reduced the rate of germination by 50% (Table 3 ). In addition, growth of the bacterium was reduced to a thousandth by the addition of 1% AF to the growth medium. Thus, AF is likely to be able to reduce the risk of food contamination by inhibiting formation of heat-resistant spores, germination, and the subsequent growth of B. subtilis, which pose challenges in processed and precooked foods.
Meng et al. reported that AF inhibited the biofilm formation by methicillin-resistant S. aureus. 41) In addition, we observed that AF inhibited the glucosyl transferase for the extracellular polysaccharide synthesis of S. mutans. 42) As indicated above, AF can be used as a food material to reduce risks posed by microorganisms in a number of ways. Table 3 . The effect of AF on germination of B. subtilis NBRC 3009 spore.
Fig. 4.
Effects of AF and NaCl on growth of L. monocytogenes ATCC BAA-679. L. monocytogenes was cultured in the presence or absence of AF and NaCl as a control ( ), the growth curve is represented by values relative to turbidity at 8 h (OD660 = 23, 100%). Growth curves in cultures containing 2% NaCl, 2% AF, or both 2% NaCl and 2% AF are represented by , and , respectively. The average values of two, independent experiments were plotted. AF inhibits growth of the bacterial cells themselves as well as spore formation, and also prevents production of bacterial biofilms, particularly by Gram-positive bacteria that are increasingly problematic in the fields of medicine and food.
